Supplementary material description
Supplementary Figure S1 includes magnetization retention measurements. Supplementary Figure  S2 includes complementary magnetoelectric characterization. Supplementary Appendix 1 includes a description of the calculation of the energy invested in the minor loop in Figure 2b . Supplementary Table 1 summarizes the significant parameters of the studied system. Supplementary Video 1 shows the evolution of magnetic domains in the region shown in Figure 4 (a). (top panel) XMCD-PEEM images collected at -100, 10, 20, 40, 60, -20, -60, and -80V in the same region as that in Figure 4 (Bottom panel) The evolution of the intensity normalized to its maximum value for each frame for the indicated regions BLUE for predominant blue/white, and red for predominant red/white. In the video the sequence is repeated (with the same data) for increasing and decreasing time three times to better visualize time evolution. It shows the expansion of both the red and blue regions at high positive Vbias.
Supplementary Video 2 shows the evolution of the magnetic domains in the region shown in Figure 4 (Bottom panel) Evolution of the intensity normalized to its maximum value for the indicated region. The area delineated by the inclined dashed lines is a zone were most of magnetization reverses its sign. The yellow arrow indicates the presence of topographic deformation and its evolution inferred from Supplementary Video 3. In the video the sequence is repeated (with the same data) for increasing and decreasing time three times to better visualize time evolution. It shows the inversion of the blue region (at high negative Vbias) into red (at high positive Vbias).
Supplementary Video 3 shows the topographic evolution of the same region as that shown in Figure 4 
XMCD-PEEM experiments description
X-ray magnetic circular dichroism in combination with photoemission electron microscopy (XMCD-PEEM) experiments were performed at the CIRCE beamline of the ALBA Synchrotron 1 using circularly polarized x-rays with an energy resolution of E/E ≈ 5000 on a sample grown under the same conditions but additionally capped by a thin AlOx layer in order to minimize oxide formation on the FeRh surface when exposed to the air. All XMCD-PEEM images were recorded at the Fe L3 edge at ≈707 eV. 
